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How species arise is a fundamental and still unanswered question in biology. Under the 1 3 2 To test for an incompatibility between one strain's cytoplasm and another strain's nuclear 1 3 4 genome, we compared the viabilities of backcrosses that differ only in the F1 hybrid female's 1 3 5 cytoplasmic genotype (e.g. (NIC59); NIC59/JU1837 F1 female x JU1837 male vs (JU1837); 1 3 6 NIC59/JU1837 F1 female x JU1837 male, Figure 3A) . The genotype is designated by the following 1 3 7 nomenclature: (cytoplasmic genotype); nuclear genotype. The cytoplasmic genotype indicates 1 3 8 genetic elements that are only maternally inherited, such as the mitochondrial genome. We 1 3 9 performed a Fisher's exact test to determine whether there were significant differences in the 1 4 0 proportions of viable and inviable F2 progeny between the two types of crosses. We also 1 4 1 calculated the relative viability of the two crosses (e.g. the percent viability of the (NIC59); The authors state that all data necessary for confirming the conclusions presented in the article 1 8 3 are represented fully within the article and Supplemental Material. Interestingly, the F1 female backcross experiments show that almost identical crosses, 2 3 7 which differ only in the cytoplasmic genotype of the F1 female, have significantly different rates of expected to be genotypically identical at all nuclear loci, suggesting that something other than the 2 4 3 F1 nuclear genome encodes maternal factors that lead to F2 inviability. One possible model to 2 4 4 explain the differences in these backcrosses is that the mitochondrial genome is the maternally 2 4 5 inherited factor that is incompatible with recessive nuclear loci in the F2 generation. For example, 2 4 6 all F2 progeny from (N); N/J F1 female x JU1825 male crosses will inherit only NIC59 mtDNA, which may be incompatible with nuclear loci homozygous (or hemizygous) for JU1825 alleles 2 4 8 resulting in inviability ( Figure 6A ). In comparison, all F2 progeny from (J); N/J F1 female x JU1825 2 4 9 male crosses will inherit only JU1825 mtDNA, which should be compatible with the JU1825 2 5 0 nuclear genome and therefore not result in the same inviability. The same logic can be applied to 2 5 1 the (J); N/J F1 female x NIC59 male and (N); N/J F1 female x NIC59 male crosses. Therefore, we 2 5 2 hypothesize that F2 inviability is the result of two distinct cytoplasmic-nuclear incompatibilities, one 2 5 3 between the NIC59 mitochondrial genome and recessive JU1825 nuclear loci, and another 2 5 4 between the JU1825 mitochondrial genome and recessive NIC59 nuclear loci. The nuclear incompatibility loci are linked to autosomes 2 5 7
Determining cytoplasmic-nuclear compatibility between various strains of C. nouraguensis
Nematodes commonly have an XX (female) and XO (male) sex determining mechanism 2 5 8 (Pires-daSilva 2007). The F1 hybrid female backcross experiments reveal that there is no 2 5 9 difference in sex-specific mortality in hybrids in comparison to intra-strain crosses ( Figure 2B ). However, given the expected genotypes of their F2 populations, these backcrosses on their own 2 6 1 do not allow us to determine whether the nuclear incompatibility loci are autosomally or X-linked. In the previous section, we concluded that the inviability of the F2 progeny derived from (N); N/J 2 6 3 F1 female x JU1825 male crosses is the result of a genetic incompatibility between the NIC59 2 6 4 mitochondrial genome and nuclear loci homozygous (or hemizygous) for JU1825 alleles. If this is 2 6 5 true, it is reasonable to assume that the same genetic incompatibility occurs in (N); N/J F1 female 2 6 6 x (N); N/J F1 male crosses (Figure 1 ). In this F1 sibling cross, if the JU1825 nuclear incompatibility 2 6 7 locus were autosomally linked, both sexes would suffer equal rates of inviability. However, if the 2 6 8 nuclear incompatibility locus were linked to the X-chromosome, then we would expect a significant 2 6 9 decrease in the proportion of viable males in comparison to intra-strain crosses ( Figure S2 ). However, we observe no significant difference in the proportion of viable males for the (N); N/J F1 2 7 1 female x (N); N/J F1 male cross ( Figure 1 ). Therefore, given the data from the F1 female 2 7 2 backcrosses and the F1 sibling crosses, we conclude that the JU1825 nuclear incompatibility incompatibility locus is also autosomally linked. We hypothesize that mitochondrial genomes are responsible for the cytoplasmic 2 7 8 component of the hybrid incompatibility between NIC59 and JU1825. However, we also 2 7 9 considered whether endosymbiotic bacteria of the Rickettsiales order could be involved. Within Wolbachia strains (Bourtzis et al. 1996; Bordenstein et al. 2001 ). However, we failed to detect 2 8 4 conserved genes typically used to genotype diverse strains of Wolbachia in either JU1825 or 2 8 5 NIC59 using PCR with degenerate primers ( Figure S3A ). Additionally, treatment of both strains 1 5 (McOrist 2000; Darby et al. 2015) . Thus, endosymbiotic bacteria are unlikely to cause the 2 8 9 reproductive barrier between NIC59 and JU1825. We hybridized additional wild-isolates to determine whether cytoplasmic-nuclear 2 9 3 incompatibilities represent a common reproductive barrier within C. nouraguensis, or whether they 2 9 4 are an unusual phenotype only observed in hybridizations between NIC59 and JU1825. Specifically, we tested the compatibility of four cytoplasmic genotypes with seven nuclear 2 9 6 genotypes ( Figure 3 ). To test for an incompatibility between one strain's cytoplasm and another 2 9 7 strain's nuclear genome, we again compared the viabilities of backcrosses that differ only in the 2 9 8 F1 hybrid female's cytoplasmic genotype ( Figure 3A ). Specifically, we compared the viability of the 2 9 9 backcross that combines heterotypic cytoplasmic and nuclear genotypes to the viability of the 3 0 0 backcross that combines homotypic cytoplasmic and nuclear genotypes. We calculated the 3 0 1 relative viability of the two crosses (i.e. heterotypic combination / homotypic combination), and 3 0 2 tested for statistically significant differences (see Materials and Methods). Using the same logic as 3 0 3 for our JU1825 x NIC59 crosses, we reasoned that lower viability of the heterotypic cytoplasmic- Of the 74 cytoplasmic-nuclear tests performed, 50 (67%) exhibited significant 3 0 8 incompatibilities ( Figure 3B ). Additionally, each cytoplasmic genotype was consistently 3 0 9
incompatible with at least one heterotypic nuclear genotype (i.e. all replicates for a particular 3 1 0 cytoplasmic-nuclear combination indicate a significant incompatibility). However, there are a 3 1 1 number of cytoplasmic-nuclear combinations whose replicates are inconsistent with one another 3 1 2 (e.g. some replicates indicate a significant incompatibility while others do not) ( Figure 3C Figure S4 ). This may indicate that the genetic loci required for hybrid inviability are not fixed 3 1 4 1 6 between the strains, but rather are polymorphisms segregating within each strain. This is 3 1 5 consistent with the fact that none of these strains have been formally inbred. Regardless, given 3 1 6 their common occurrence in hybridizations between strains of C. nouraguensis, we hypothesize 3 1 7 that cytoplasmic-nuclear incompatibilities are a significant reproductive barrier within the species.
We generated a heat map to help visualize the median relative viability for each 3 1 9 cytoplasmic-nuclear combination ( Figure 3C ). Strikingly, the NIC59 cytoplasmic genotype exhibits 3 2 0 a distinct response to hybridization, being strongly incompatible (i.e. having a low median relative that are typically weaker than those involving the NIC59 cytoplasmic genotype. Specifically, in comparison to both JU1837 and JU1854). We conclude that the NIC59 cytoplasmic genotype is To test the hypothesis of a single BDM incompatibility, we crossed viable F2 females to JU1825 nuclear incompatibility locus ( Figure 6A ). Therefore, crossing these F2 females to JU1825 also be true for additional backcross generations (e.g. F4, F5 etc.). Thus, we generated 15 3 5 0 independent backcross lineages, each consisting of matings between single surviving hybrid 3 5 1 females and JU1825 males, and monitored each lineage's viability for four backcross generations. with the hypothesis that embryonic lethality is the result of a simple two-locus BDM incompatibility 3 5 5 between a purely maternally inherited cytoplasmic NIC59 locus and a single nuclear locus 3 5 6 homozygous for JU1825 alleles. We hypothesize that the post-embryonic inviability may be a 3 5 7 genetically separable phenotype. The JU1825 cytoplasm appears to be heteroplasmic
As previously discussed, the backcross that combines the JU1825 cytoplasmic genotype F2 viability on average ( Figure 2B ). Thus, the total F2 inviability could be the result of a single To test this hypothesis, we generated 15 independent backcross lineages, each consisting 3 6 6 of matings between single surviving hybrid females and NIC59 males, and monitored each to exhibit low levels of viability similar to the F2 generation average (~50%), others began to 3 6 9 exhibit and maintain significantly increased viability for multiple backcross generations ( Figure   3 7 0 5A). For example, in this particular experiment we found that in the F2 generation a majority of 3 7 1 lineages (13/15) had a total viability ranging from 18-50%, while only two exhibited higher viability 3 7 2 (68% and 85%). However, by the F5 backcross generation, we found that of the fourteen The rescue of hybrid inviability for some lineages via several generations of backcrossing is 3 7 6 peculiar. One hypothesis to explain this phenomenon is that the JU1825 cytoplasmic and/or Chalkia 2013). Therefore, it is possible that a NIC59-compatible cytoplasmic allele has increased 3 8 6 in frequency in some backcross lineages and rescued inviability. To gain a better understanding of the genetic composition of the JU1825 cytoplasm, we 3 8 8 also monitored the viability of (J); N/J female x JU1825 male lineages over four backcross possibly increase with additional backcross generations. However, we instead observed that some 3 9 2 backcross lineages showed a striking decrease in viability after the F2 generation ( Figure 5B ). For 3 9 3 example, in this particular experiment, lineages in the F2 generation exhibited a uniform 3 9 4 distribution of viability, with an average of 74%. By the F5 generation we find two distinct 3 9 5 populations of lineages, those with a high viability ranging from 85-96% (6/14 lineages) and those 3 9 6 with an astonishingly low viability ranging from 29-55% (8/14 lineages) ( Figure 5B ). The latter 3 9 7 population has an average viability of 39%, which is quite similar to that observed in (N); N/J F1 3 9 8 female x JU1825 male crosses (~36%, Figure 2B ), indicating that although these lineages In support of this hypothesis, the rate of embryonic lethality for some (J); N/J female x 4 0 5 JU1825 male backcross lineages also increases to levels observed in the NIC59 cytoplasmic - We discovered a lethal cytoplasmic-nuclear incompatibility between two wild isolates of C. 4 1 7 nouraguensis, JU1825 and NIC59, and find that such incompatibilities may be widespread 4 1 8 between other wild-isolates within the species. We show that maternally inherited endosymbiotic 4 1 9 bacteria are not the cause of hybrid inviability, making the mitochondrial genome the most likely 4 2 0 candidate for harboring the cytoplasmic incompatibility factor(s). We also propose that the JU1825 4 2 1 cytoplasm is heteroplasmic, and harbors both JU1825-like and NIC59-like incompatibility loci. In eukaryotes, the mitochondrial genome typically contains a very small fraction of the gene two divergent alleles at a locus is incompatible with heterospecific alleles at other loci (e.g. Cytoplasmic-nuclear incompatibility: both sexes are equally inviable genomes. This is indeed the case for some known mitochondrial-nuclear incompatibilities. For We hypothesize that the JU1825 cytoplasm is heteroplasmic and contains mitochondrial Kruskal-Wallis test followed by Dunn's test. Figure S1 ). There are no plates per cross. All p-values were calculated by a Kruskal-Wallis test followed by Dunn's test. To determine whether a particular cytoplasmic-nuclear combination is incompatible, we tested for 5 2 8 statistical differences in viability between the F1 female backcross that combines heterotypic incompatibilities. The color of a point corresponds to the cytoplasmic genotype being tested. All genotype is consistently incompatible with at least one heterotypic nuclear genotype. The NIC59 5 5 0 cytoplasm has a distinct response to hybridization than the others tested. Nat. Rev Microbiol 6: 741-751. 
